ABSTRACT. To define the source of circulating inhibin in female Asian elephants, the immunolocalizations of the inhibin ,  A and  B subunits, 3-hydroxysteroid dehydrogenase (3-HSD), aromatase cytochrome P450 (P450arom) and cytochrome 17-hydroxylase P450 (P450 c17) were investigated. Concentrations of immunoreactive (ir-) inhibin, progesterone and follicle-stimulating hormone (FSH) during the estrous cycle were measured by radioimmunoassay. Inhibin immunoreactivity in follicular fluid and homogenate of corpora lutea was also measured. Immunolocalizations of inhibin subunits, 3-HSD, P450arom and P450c17 were detected in the granulosa cells of antral follicles and luteal cells. The follicular fluid contained high levels of ir-inhibin and bioactive inhibin. The homogenate of corpora lutea also contained ir-inhibin. Serum ir-inhibin remained at low levels during the early non-luteal phase, began to increase from the late non-luteal phase and continued to increase during the early luteal phase. Serum ir-inhibin showed maximal levels in the middle of the luteal phase and gradually decreased to baseline three weeks prior to progesterone decline. The serum ir-inhibin levels were positively correlated with progesterone throughout the estrous cycle. On the other hand, ir-inhibin was negatively correlated with FSH during the late non-luteal and early luteal phases. These findings strongly suggest that the corpus luteum is one of the sources of inhibin as well as granulosa cells in the Asian elephant.
The efficiency of reproduction of the Asian elephant (Elephas maximus) in captivity has become a major concern over the past decades. However, captive breeding programs worldwide have encountered with limited success. Hence, more effort is needed to improve the captive breeding strategies and understand the fundamental reproductive physiology of elephants. The normal estrous cycle duration of elephants has an exceptionally long range, from 14 to 18 weeks. It consists of a luteal phase that is characterized by high progesterone concentrations and ranges between 10-14 weeks and an interluteal (follicular) phase that lasts between 3 and 6 weeks [22] . During the follicular phase, 2 surges of luteinizing hormone (LH) occur. The first LH surge is anovulatory (anLH), whereas ovulation occurs three weeks later around 24 hr after the second LH (ovLH) surge [1, 2, 9] .
Inhibins, heterodimeric glycoprotein hormones, are composed of an -subunit and one of two -subunits ( A or  B ), with the - A and - B dimers forming inhibin A and inhibin B, respectively. Inhibins are produced mainly by the granulosa cells of ovarian follicles when the follicles develop from the small antral to preovulatory stages and suppress follicle stimulating hormone (FSH) secretion [12] , such as in rats [10, 13] , golden hamsters [11, 17] , guinea pigs [19, 20] , sheeps [3] , goats [7, 8] , monkeys [18] , mares [15, 16] and ducks [29, 30] . Although changes in circulating inhibin in elephants have been reported [1, 2] , its cellular sources of ovaries have not been studied yet. This study was conducted to determine the secretory pattern of inhibin and the cellular source of inhibin in ovaries of Asian elephants. In addition, the relationships among inhibin, FSH and progesterone during the estrous cycle were investigated.
MATERIALS AND METHODS
Animals and blood sampling: Three nulliparous female Asian elephants (Elephas maximus) named Asha (year of birth: 1977), Daya (year of birth: 1977) and Jumbo (year of birth: 1944) were used as the subjects in this study. Asha and Daya were used for evaluating circulatory hormonal levels from 1989 to 1994, while ovarian tissues from Jumbo were used for histological, immunohistochemical, bioassay and immunoreactivity investigations. The animals were housed in Ueno Zoological Gardens (Tokyo, Japan), fed twice daily and provided with water ad libitum.
Blood samples (10 ml) were collected at a weekly interval between 0800 hr and 0900 hr from ear veins without anesthesia for 55 months (October 1989-April 1994). Blood was centrifuged at 1700 × g for 15 min to separate serum from blood cells. Sera were collected and stored at -20C until hormonal analysis.
Ovarian tissue collection: Ovaries were collected from Jumbo at autopsy after accidental death (56 years old). Fol-licular fluid was collected by aspiration using a needle with a tuberculin syringe and then stored at -80C until bioactivity and immunoreactivity analyses. The remaining ovarian tissues were immediately fixed in 4% paraformaldehyde (Sigma Chemical Co., St. Louis, MO, U.S.A.) in 0.05 M PBS (pH 7.4), dehydrated in a graded series of ethanol, embedded in paraffin and cut into sections 6-μm thick.
Immunohistochemistry: Immunohistochemical staining for inhibin subunits and steroidogenic enzymes was carried out as described previously [17, 26] . The primary antibodies used were as follows: rabbit polyclonal antibodies Immunoreactive (ir-) inhibin RIA: Concentrations of irinhibin in elephant samples were measured by RIA based on a previously described bovine inhibin RIA [6] using antisera against bovine inhibin (TNDH-1) and bovine 32-kDa inhibin for both iodination and the standard, respectively. The intra-and interassay coefficients of variation were 4.0% and 6.2%, respectively.
FSH RIA: The serum concentration of FSH was measured by a heterologous RIA using a method described previously [25] . The antiserum employed was an anti-ovine FSH (NIDDK-H-31). The iodinated preparation was rat FSH-I-5. Results are expressed in terms of NIDDK rat FSH-RP-2. The intra-and interassay coefficients of variation were 7.8 and 8.5%, respectively.
Progesterone RIA: The serum concentrations of progesterone were determined by double-antibody RIA systems using 125 I-labeled radioligands as described previously [24] . Antisera against progesterone [5] were kindly provided by Dr. G. D. Niswender (Animal Reproduction and Biotechnology, Colorado State University, Fort Collins, CO, U.S.A.).
Bioactivity of inhibin:
The bioassay of inhibin in steroidfree elephant follicular fluid was assessed by means of suppression of FSH secretion by the rat pituitary cell culture system as previously described [23] . A partially purified bovine follicular fluid inhibin preparation obtained after immunoaffinity chromatography (AF-BF) was used for the standard [14] .
Hormonal data analysis: Thirteen complete cycles from two elephants were used to calculate mean levels of all hormone relationships during the estrous cycle according to our previous paper [22] . In order to profile the changes of hormonal patterns, week 0 was determined from the week before the first elevation of serum concentrations of progesterone higher than 0.2 ng/ml during the estrous cycle. Week 0 of each cycle corresponded to the week just before ovulation, which was characterized as the state exhibiting the lowest concentration of progesterone in the serum. The luteal phase included those weeks from the initial rise of progesterone (week 1) to the week in which the level returned to baseline (week 13).
Statistical analysis: All hormonal data are presented as means  standard errors of the mean (SEM). The data were normally distributed, and therefore Pearson's correlations were used to test the relationships among hormones throughout the estrous cycle by using the Statistical Package for the Social Sciences (SPSS 18.0, SPSS, Inc., Chicago, IL, U.S.A.). Statistical evaluation was performed by repeated measured ANOVA, and differences of hormone concentrations during the estrous cycle were analyzed using a posthoc test (Bonferroni/Dunn). P<0.05 was considered to indicate a significant difference.
RESULTS

Characterization of inhibin RIA:
Inhibin RIA doseresponse curves obtained with follicular fluid, peripheral sera and the homogenate of corpora lutea of the Asian elephants are shown in Fig. 1 . They showed a parallel doseresponse relationship among the bovine inhibin standard, elephant follicular fluid, elephant sera and homogenate of elephant corpora lutea. These results indicated that this inhibin RIA system could be applicable to measurement of the ir-inhibin level in Asian elephants.
Inhibin bioactivity: The results of the inhibin bioassay using the rat pituitary cells culture system are shown in Fig.  2 . The secretion of FSH from cultured rat anterior pituitary cells was clearly suppressed in a dose-dependent manner by 
Changes in serum concentrations of ir-inhibin, progesterone and FSH:
The serum concentrations of ir-inhibin, progesterone and FSH are shown in Fig. 3 as sequential patterns throughout the estrous cycle of two Asian elephants. Serum ir-inhibin remained at a low level until week -2, gradually increased from week -1 and continued to increase until week 6 (Fig. 3A) . The serum concentrations of ir-inhibin remained elevated in week 7 and gradually declined to baseline by week 10.
The serum concentrations of progesterone were at their lowest in week 0 and steadily increased from week 1 to week 7 (Fig. 3B) . The peak of progesterone remained unchanged until week 9 and then declined thereafter. The progesterone in circulation was positively correlated with irinhibin (n=290, r=0.648, P<0.005), though the levels of irinhibin started to decline 3 weeks before progesterone.
The serum concentrations of FSH were highest in week -2 and lowest in week 3, respectively (Fig. 3C) . Then, the serum concentrations of FSH significantly increased from the week 3 to 5 (p<0.05) and then remained stable until the week 16. They showed significant negative correlation with ir-inhibin during week -2 and week 2 (n=86, r=-0.797, P<0.05).
Immunohistochemistry of inhibin subunits and steroidogenic enzymes: Examination of the histological architecture of an Asian elephant ovary revealed the presence of healthy antral follicles and corpora lutea. The immunoreactivity of the inhibin  (Fig.4B and F),  A (Fig. 4C and G) and  B (Fig. 4D and H) subunits showed clear positive staining in both granulosa cells of antral follicles (Fig. 4B-D) and lutein cells (Fig. 4F-H) . However, the theca cells of antral follicles stained negatively for the inhibin subunits (Fig. 4B-D) . Regarding steroidogenic enzymes, 3HSD (Fig.5B and  F) , P450arom ( Fig.5C and G) and P450 c17 ( Fig.5D and H) were localized in both granulosa cells and theca cells of antral follicles (Fig. 5B-D ) and lutein cells (Fig. 5F-H) .
DISCUSSION
The ovarian activities of mammalian species including elephants have been shown to depend on the hypothalamic- pituitary-ovarian relationships, with a strong emphasis on the feedback controlling role of inhibin on pituitary secretion of FSH [12] . However, the cellular source of inhibin in elephants is still unclear. The present study clearly demonstrated for the first time the localization of the inhibin ,  A and  B subunits in both granulosa cells of antral follicles and lutein cells in the ovary of the Asian elephant. The positive immunoreactivity of granulosa cells of antral follicles for all inhibin subunits is in agreement with previous reports, such as in rats [10, 13] , golden hamsters [11, 17] , monkeys [18] , guinea pigs [19, 20] , sheeps [3] , goats [7, 8] and mares [15, 16] . The presence of the inhibin ,  A and  B subunits in lutein cells of the corpus luteum is the similar findings to humans [21, 27, 28] , and monkeys [4, 18] . The present study strongly suggests that corpora lutea as well as follicular granulosa cells are the major sources of inhibin during the estrous cycle in this species. The immunolocalization of 3HSD, P450arom and P450c17 in both granulosa cells and lutein cells of Asian elephants also suggests that the granulosa cells and corpora lutea of the Asian elephants are able to synthesize progesterone, androgen and estrogen.
Immunoreactive inhibin was detected in both follicular fluid and the homogenate of corpora lutea of the Asian elephants. These findings together with the immunohistochemical results emphasized the fact that both antral follicles and corpora lutea in the ovaries of the Asian elephants are able to secrete inhibin. In addition, the follicular fluid from antral follicles of an Asian elephant clearly suppressed FSH secretion by rat pituitary cells cultured in vitro, indicating that elephant follicles are able to secrete bioactive inhibin. The present study demonstrated that ir-inhibin was detectable in the circulation throughout the estrous cycle of the Asian elephants.
In the present study, circulating ir-inhibin showed a significant negative correlation with FSH between week -2 and week 2 (the non-luteal and early luteal phases), whereas there were no significant correlations in any other period during the whole estrous cycle. Although mechanism responsible for the different pattern of circulating ir-inhibin and FSH in the period of week -2 and week 2 was not clear, ovarian events in the period might be important.
It is possible that rapid development of a dominant follicle, ovulation and formation of corpora lutea occur during the period of week -2 and week 2. Brown et al. reported that the serum concentration of inhibin was negatively correlated with FSH during the non-luteal phase in the female Asian elephants [1, 2] . However, it is unclear why there was no significant negative correlation between ir-inhibin and FSH during the mid-luteal phase, which showed both high levels of ir-inhibin and FSH in the present study.
The serum levels of ir-inhibin showed a gradual increase from two weeks prior to the week of ovulation (week 0) to week 6 and returned to the basal levels around three weeks prior to the reductions of progesterone. In addition, the serum levels of ir-inhibin paralleled those of progesterone. These results further suggest that the large preovulatory antral follicles are the sources of ir-inhibin during the late follicular phase and that corpora lutea are the major source of ir-inhibin during the luteal phase.
In conclusion, the cellular localizations of the inhibin ,  A and  B subunits were detected in the granulosa cells of antral follicles and lutein cells in the ovary of a female Asian elephant. The positive correlation among the ir-inhibin and progesterone levels in circulation also strongly suggest that the granulosa cells of antral follicles and corpora lutea are the major source of circulating inhibin during the estrous cycle in Asian elephants.
